Respiratory activity of isolated rat brain mi tochondria was measured following in vitro exposure to oxygen radicals. The radicals were generated by hypoxanthine and xanthine oxidase in the presence of a suitable iron chelate and caused a severe inhibition of respiration stimulated by phosphate plus ADP (with ma late + glutamate as substrate). The damage could be pre vented by catalase or high concentrations of mannitol, but not by superoxide dismutase. A similar effect was ob served when hypoxanthine and xanthine oxidase were re-The brain is very sensitive to conditions causing impaired cerebral blood flow, but the mechanism(s) of cell damage following transient oxygen defi ciency is not yet fully understood (Siesj6, 1981) . Mitochondrial alterations have been reported by different investigators after experimental, transient, global brain ischemia. A marked decrease in respi ration stimulated by phosphate and substrate plus ADP ("state 3" respiration) was demonstrated fol lowing 3-5 min (Ozawa et aI., 1967; Lazarewicz et aI., 1972) and 30 min (Mela, 1979b; Rehncrona et aI., 1979) of ischemia in the rat. A similar change in state 3 respiration occurred in the rabbit after 30 min (Schutz et aI., 1973) and in the gerbil after 60-90 min (Ginsberg et aI., 1977) of ischemia.
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placed by glucose and glucose oxidase or by hydrogen peroxide. Most of the findings indicate that the hydroxyl radical is the damaging agent. It is concluded that brain mitochondria exposed to oxygen radicals in vitro show an inhibition of respiratory activity similar to that reported by other investigators as occurring in mitochondria in vivo following transient cerebral ischemia. Therefore, oxygen radicals may contribute to this type of cell dam age. Key Words: Brain ischemia-Mitochondrial damage-Oxygen radicals. Ozawa et al. (1967) . The mitochondrial changes were shown to be reversed after 30 min of recircula tion in a model with complete ischemia, while there were even suggestions of an aggravation during recir culation in a model with some residual blood flow (severe incomplete ischemia) during the 30-min ischemic period (Mela, 1979b; Rehncrona et aI., 1979) .
Similar mitochondrial alterations under condi tions of reduced blood flow have been reported in other organs such as the kidney (Mergner et al., 1977) and the liver (Mela et aI., 1971) . The mecha nism of the ischemic mitochondrial damage de scribed in these studies remains unclear (Mela, 1979a) .
The present in vitro study was undertaken with the primary objective of exploring the possible role of oxygen radicals in causing mitochondrial damage after transient cerebral ischemia and subsequent re circulation (Mela, 1979b; Rehncrona et aI., 1979) .
Mitochondria seem to be well protected against endogenously generated superoxide radicals (02,) and hydrogen peroxide (H202), since these agents are continuously being formed by the electron transport chain (Boveris, 1977; Chance et aI., 1979) , mainly from one-electron reduction of O2 by ubiquinone (Forman and Boveris, 1982) . We used the hypoxanthine (HX)-xanthine oxidase (XO) system to generate oxygen radicals, since the latter is a conceivable extramitochondrial generator of oxygen radicals in vivo following ischemia. The level of HX in the brain has been shown to increase to 70-140 � during 5-10-min experimental total ischemia (Deuticke et aI., 1966) ; this concentration range was used in the present study. When ischemia was prolonged, the HX level was elevated further (Deuticke et aI., 1966; Kleihues et aI., 1974) . This increased level of HX, in conjunction with XO, may give rise, during reoxygenation, to an enhanced production of oxygen radicals and thereby con tribute to cell damage.
This report describes the respiratory activity in isolated rat brain mitochondria following in vitro exposure to oxygen radicals. Different protective agents were used in an attempt to prevent the radi cal damage. The location and possible mechanism of the damage are discussed.
MATERIALS AND METHODS

Materials
XO and superoxide dismutase (SOD) were obtained from Pharmacia AB, Uppsala, Sweden. Glucose oxidase (GO) was purchased from Sigma Chemical, St. Louis, MO, U.S.A., and catalase from Boehringer, Mannheim, F.R.G. The preparation of catalase was purified further by chromatography on Sephacryl S-200, obtained from Pharmacia Fine Chemicals, Uppsala, Sweden. Other chemicals were commercial products of highest available purity.
Animals
Male Sprague-Dawley rats (220-300 g) were used; they had free access to water and rat pellets prior to experi ment. The animals were made drowsy by exposure to 80% N20/20% O2 prior to decapitation.
Isolation of mitochondria
Brain mitochondria were isolated by a modification of the method of Clark and Nicklas (1970) , as described by Ginsberg et al. (1977) . Following decapitation of the animals by a guillotine, the whole brain was removed and within 15 s was put into an ice-cold medium containing 0.225 M mannitol, 0.075 M sucrose, and 1 mM ethylene glycol tetraacetate (EGTA; pH 7.4). The tissue was cut rapidly into small pieces and washed three times with the isolation medium. The mannitol-sucrose-EGT A solution (10 ml), containing 0.5 mg ml-1 bacterial proteinase (Na garse; Enzyme Dev. Corp., NY), and 2.5 mg ml-1 bovine serum albumin (BSA), were added. After gentle disinte gration of the tissue in a hand-operated Dounce homoge nizer, the homogenate was incubated with the proteinase solution for 1 min. Fresh isolation medium containing BSA (5 mg ml-1) was then added, and the mixture was re homogenized before centrifugation for 3 min at 2,200 x g in an MSE centrifuge, operated at 0-5°C. The resulting pellet was resuspended and centrifuged at the same speed for another 3 min. The supernatant fractions containing mito· J Cereb Blood Flow Metabol, Vol. 3, No.2, /983 chondria were spun for 8 min at 12,100 x g, and the new supernatant was discarded. The pellet was gently stirred with a glass rod, suspended in 3% Ficoll solution, and layered over a 6% Ficoll solution before centrifugation at 10,400 x g for 30 min. After discarding the supernatant, the pellet was resuspended in 10 ml of a reaction medium consisting of 160 mM KC1, 10 mM potassium phosphate (pH 7.4), and 0.15 mM EGT A (referred to below as KCl PcEGTA medium) and centrifuged again for 10 min at 12,000 x g to remove the bulk of Ficoll, mannitol, and sucrose. The resulting pellet was gently rehomogenized in a minimum amount of KCl-Pj-EGT A medium (final vol ume, approximately 200 JLl). Twenty microliters of the suspension was taken for protein analysis. All solutions, including the final mitochondrial suspension, were kept on ice during the isolation procedure and until the ex periment was started.
Mitochondrial respiratory activity
Respiratory activity of the mitochondrial suspension was measured as the oxygen consumption rate recorded polarographically by an oxygen electrode operated at room temperature (23°C) in a closed and magnetically stirred glass chamber (Estabrook, 1967) . The reaction mixture consisted of 0.54 ml KCI-Pj-EGTA medium to which 10 JLI of the mitochondrial suspension was added. "State 4" respiration (Chance and Williams, 1955) was initiated by the addition of 10 JLl of either 0.5 M malate + 0.5 M glutamate or 1 M succinate; in the latter case, 3.7 JLM rotenone was included in the reaction mixture to pre vent further oxidation of malate formed from succinate. To initiate "state 3" respiration, 1.5 or 1.0 JLl 0.1 M ADP was added to the systems respiring in the presence of malate + glutamate or succinate, respectively. Respiratory con trol ratio is expressed as the ratio of the state 3 and state 4 rates of oxygen uptake. Mitochondrial protein concentra tion was determined by the method of Lowry et al. (1951) . Cytochrome (a + a a> concentration was determined from the difference between light absorbances at 445-460 nm of the fully reduced and oxidized states of the enzyme measured with an Aminco dual-wavelength spectro photometer using an extinction coefficient of 160 mM-1 cm-1 (Rehncrona et aI. , 1979) . The ADP/O ratio was cal culated as the ratio of the added amount of ADP to the total amount of oxygen consumed (Estabrook, 1967) .
Oxygen-radical-generating systems
Various oxygen-radical-generating systems used in the present study are described in Table 1 . HX and XO generate the superoxide radical (0"2') and hydrogen (Fridovich, 1970) :
If iron is present in the ferrous form (Fe 2 +), the hydroxyl radical (OH') is formed according to the "Fenton reac tion" (Fridovich, 1976; Halliwell, 1978a,b; McCord and Day, 1978) :
If iron is present in the ferric form (Fe3+), OH· still can be formed if superoxide radicals are present to reduce the iron (Halliwell, 1978a,b; McCord and Day, 1978; Del Maestro, 1980) :
Glucose and glucose oxidase (GO) generate H202 ac cording to the reaction (Bentley, 1963; Pazur, 1966) :
In the presence of Fe 2 +, the glucose oxidase system gives rise to OH· according to reaction 2. In contrast to xan thine oxidase, no Oz' is formed in this case and, thus, Fe3+ is ineffective in producing OH·. In some experi ments, OH· was produced by the addition of H202 and Fe 2 +, according to reaction 2.
When desired, Oz' and H202 were removed by means of SOD and catalase, respectively, according to the reac tions (Halliwell, 1974, 197&) :
To remove OH', mannitol, dimethylsulfoxide (DMSO) and L-methionine were used. These are commonly used OH· scavengers with high biomolecular rate constants for the reaction with OH· (M-1 S-1) : mannitol, > 109; DMSO, 7 x 109 (Cederbaum et aI., 1977) ; and L-methionine, 8.5 x 109 (Dorfman and Adams, 1973) . L-Methionine is also a quencher of singlet oxygen (Bellus, 1978) .
:
Quantitation of radical production
The amount of Oz' and H202 produced by the HX-XO system was determined by the method described by Fridovich (1970) . The electron flux through XO proceeds by two parallel, distinct pathways, one leading to univa lent reduction of O2 and the production of Oz' , the other to H202 by divalent reduction of O2, The univalent path way was monitored by running the XO reaction under the same conditions as described below (Fig. 1 , without mito chondria) in the presence of an excess of cytochrome c3+, which is reduced (McCord and Fridovich, 1969) by Oz'. The increase in absorbance at 550 nm was recorded at 23°C with a double-beam spectrophotometer (Model 124, Hitachi, Perkin Elmer, CT, U.S.A.) equipped with 1-cm thermostatted cuvettes, using a .:lEm = 2.1 x 104 M-1 cm-1 (Massey, 1959) . Urate accumulation was assayed spectrophotometric ally under the same conditions at 290 nm (.:lEm = 1.2 x 104) to obtain the total electron flux in reaction 1. When HX is used as substrate for XO, four electrons are produced per molecule of uric acid formed (reaction 1; see also Del Maestro et aI., 1979) . The amount of H202 produced was calculated as half the dif ference between the total electron flux and the flux through the univalent pathway. The results are given as total amounts (and approximate mean rates) of Oz' and H202 produced, since reaction 1 consists of two consecu tive steps, the individual rates of which have not been measured. The efficiency of the SOD concentration used in this study to remove Oz' was determined by means of inhibition of cytochrome c reduction.
Treatment of mitochondria with oxygen-radical-generating systems
Treatment of mitochondria with HX and XO was done in the oxygen electrode chamber at 23°C, and the reaction was followed by recording the decrease in O2 concentra tion ( Fig. 1 ). Addition of XO (1 mg ml-1; 0.3 U ml-1) and 110 p.,M HX resulted in a decrease in O2 concentration roughly corresponding to the amount of HX added. This was followed by a slow increase in O2 concentration, probably due to a spontaneous dismutation of Oz' to O2 a!ld H202• To restore the O2 concentration in the incuba tion medium, the electrode chamber was opened, and a
Oxygen-electrode recordings showing the experimental procedure described in Ma terials and Methods. When indicated, mito chondria (Mito), XO, and HX were added to the reaction medium at 23°C. Following addition of HX, there was an abrupt increase in oxygen consumption, which ceased when the HX was consumed. The chamber was then opened, and oxygen was added to the reaction mixture before state 4 and state 3 respiration was initi ated by the addition of substrate and ADP, re spectively. In the mitochondria-free control (dotted trace) there was a small increase in oxygen concentration (following consumption of HX) which was added to the respiration rates. Other experimental details are described in Fig. 2 
stream of O2 was gently blown over the surface of the reaction mixture until about 70% of the original O2 level was reached ( Fig. 1) . Substrate was then added to initiate mitochondrial respiration. The rates of respiration were corrected for the slow rate of O2 evolution in the mitochondria-free control (Fig. 1, dotted trace) . The time interval between addition of mitochondria and substrate was 6 min in each experiment.
A similar procedure was used in the case of glucose (330 f.tM) + GO (1 mg ml-I; 2U ml-I). These concentra tions produced a rate of H202 fo rmation similar to that of the HX-XO system, as determined by oxygen consump tion (reaction 4).
Control experiments were performed with inactivated XO (1 mg ml-I) and GO (1 mg ml-I). XO was inactivated by treatment with 100% acetone at room temperature for 18 h. GO was inactivated by heat (60-70°C, 10 min). Fe 2 + (20 f.tM) and Fe3+ (20 f.tM) were added as the EGT A che lates.
Other methods employed
The possible occurrence of membrane damage due to lipid peroxidation as a result of the radical exposure was investigated by determining malonaldehyde by means of the thiobarbituric acid reaction (Buege and Aust, 1978) . In this case, incubation (for 5, 10, and 15 min) with H202 + Fe 2 + was used to induce radical damage, since XO may remove malonaldehyde (Bray, 1963) .
In some experiments NAD+ (1 mM) was added to the reaction medium prior to radical exposure to compensate for a possible loss of mitochondrial NAD+ due to mem brane damage.
The content of mitochondrial nicotinamide nucleotides was measured fluorometrically as described by Greengard (1962) after reduction with glutamate in the presence of rotenone.
Carbonyl cyanide p-trifluoromethoxyphenyl hydrazone (FCCP; 1 f.tM), an uncoupler of oxidative phosphoryla tion, was added in some experiments to detect a possible inhibition of the phosphorylating system. FCCP stimulated ATPase activity of the radical-exposed mito chondria was also determined by measuring the amount of Pi released in the presence of 3 mM ATP ± 1 f.tM FCCP.
Statistics
To determine the statistical significance of differences between experimental and control groups, Student's t test was used. Differences with a p value <0.01 were consid ered to be significant.
RESULTS AND DISCUSSION
The respiratory and phosphorylating activities of freshly prepared, intact rat brain mitochondria are given in Table 2 , together with total protein content and the cytochrome (a + a 3 ) to protein ratio in the final mitochondrial suspension. These values are in the same range as those reported by others, using the same isolation technique (Rehncrona et aI., 1979; Agardh et aI., 1982) . Respiration was measured in a reaction mixture containing 160 mM KCI, 10 mM potassium phosphate (pH 7.4), 0.15 mM EGTA, and 0.3 mg mitochondrial protein, in a final volume of 0.6 ml. State 4 respiration was initiated by the addition of either 9 mM malate + 9 mM glutamate or 18 mM succinate; in the latter case the reaction mixture also contained 3.7 /LM Rotenone. To initiate state 3 respiration, 280 /LM ADP was added in the case of malate + glutamate, and 190 /LM ADP in the case of succinate.
Effect of HX, XO, and iron
After the consumption of ADP, the respiration returned to vir tually the same rate as that before ADP addition. ADP/O ratio was calculated on the basis of the total oxygen consumption during state 3 respiration. Respiratory control ratio (RCR) is the ratio of the rates of oxygen consumption in state 3 and state 4. markedly decreased in the case of malate + gluta mate as substrate (Fig. 2, Table 3 ). It may be noticed that the control rates of respiration shown in Table 3 were somewhat lower than those in Table  2 , which was probably due to an "aging" of the mitochondria during the 6-min preincubation at room temperature, prior to the addition of substrate (Table 4 legend). Results similar to those shown in Fig. 2 and Table 3 were obtained with pyruvate + malate as substrate (not shown). With succinate as substrate, the state 3 respiration was virtually un changed (Fig. 2, Table 3 ) upon preincubation with HX + XO + Fe 2 +. The state 4 respiration before the addition of ADP was unchanged, and after the con sumption of ADP somewhat elevated, with both types of substrate. The inhibition of state 3 respiration with malate + glutamate as substrate was dependent on the pres ence of iron (Table 4 ). Fe 2 + was most efficient, but some effect was also obtained with Fe3+. In the lat ter case, state 4 respiration was also markedly de pressed. A moderate inhibition of state 3 respiration by HX and XO in the absence of added iron may be explained by the presence of traces of iron (in the f.tM range) in the reaction mixture (which could be demonstrated by atomic absorption analysis). When the enzyme was replaced by inactivated XC, the 
nmoles O 2
I min state 3 respiration was not different from the con trol.
Amount of radicals produced
The added amount of HX was consumed in 1.5 min (mean; SD = 0.1; n = 33) as monitored by oxygen consumption (Fig. 1, dotted trace) . During this time, 43.2 (SD = 0.5; n = 6) nmol ml-I O2, was formed. The calculated amount of H202 produced was 192.4 nmol ml-I. Measurement of urate ac cumulation confirmed that almost all HX (mean 96.3%; SD = 4.3; n = 6) was converted into urate (reaction 1). The approximate mean rates of O2, and H202 production would therefore be 57.6 and 256.5 nmol min-I mg-I mitochondrial protein, re spectively. This is about 400 times greater than the intramitochondrial rates of H202 production in state 4 (rat heart mitochondria; succinate as substrate) as reported by Forman and Boveris (1982) .
Effect of other radical-generating systems
The same amount of H202 (190 /-tM) as generated by the glucose-GO system, or added directly into the reaction medium as an H202 solution, produced a decrease in state 3 respiration following a 6-min incubation in the presence of Fe 2 + (Table 4) . This decrease was similar to that observed with the HX-XO system. In the case of glucose-GO, this ef fect was accompanied by an increase in state 4 res piration. The state 3 inhibition was absent with in active GO. Fe3+ failed to replace Fe 2 +, in contrast to the case of the HX-XO system.
Effect of protective agents
The presence of catalase (50 /-tg ml-I) in the reac tion medium during the incubation with HX, XO, and Fe 2 + inhibited the decrease in state 3 respira tion. SOD (50 /-tg ml-I), which removed most of the O2, formed (mean, 90.1 %; SD = 0.9; n = 6), did not prevent mitochondrial damage. Mannitol (10 mM), in isolated rat brain mitochondria following 6 min of pretreatment with different radical-generating systems added to the reaction medium. Additions, when in dicated, were HX, 110 /LM; XO, 1 mg/ml; Fe2+ or Fe3+, 20 /LM; glucose (Glu) , 330 /LM; GO, 1 mg/ml; H 2 0 2 , 190 /LM; SOD, 50 /Lg/ml; catalase (CAT), 50 /Lg/ml; mannitol, 10 mM; DMSO, 10 mM. "None" refers to data obtained with mito chondria incubated for 6 min in the absence of the above additions. These data originate from the same experiments as those listed in Table 2 , in which the respiratory rates were measured without 6 min of preincubation. a , p < 0.01 and", p < 0.001 indicating statistically significant difference from control. Other experimental details are described in Materials and Methods and Fig. 1. DMSO (10 mM), or L-methionine (10 mM, not shown) also had no protective effect (Table 4 ). When the incubation was performed in 300 mM mannitol, the inhibition of state 3 respiration was significantly less pronounced; state 3 respiration was 47.5 (range 43.6-52.5; n = 3) nmol O2 min-1 mg-1 protein, compared to a control value of 60.4 (range, 55.9-65.7; n = 3).
Location of the mitochondrial damage
The fact that succinate oxidation was virtually unaffected (Table 3) suggests that the inhibition is not in the cytochrome region of the respiratory chain. Since the inhibition was observed with sev eral N AD+ -linked substrates, it is unlikely to be at the level of the N AD+ -linked dehydrogenases. A possible loss of mitochondrial NAD+ as the cause of the inhibition also appears unlikely, since there was no major change in the content of mitochondrial nicotinamide nucleotides. Also, added NAD+ (1 mM) did not restore the inhibited respiration. It would thus appear that the inhibition resides in the NADH-oxidizing branch of the respiratory chain preceding the cytochrome system, i.e., in the NADH-ubiquinone oxidoreductase complex.
J Cereb Blood Flow Me/abol, Vol. 3. No.2. 1983 No stimulation of the inhibited respiration was obtained with FCCP. This eliminates the possibility that the respiration was limited by an inhibition of the phosphorylating system-in an oligomycin-like fashion (Ernster and Lee, 1964 )-rather than the electron-transport system as such. There was also no significant change in the FCCP-stimulated A TPase activity of the radical-exposed mitochon dria. The unaltered stimulation of succinate oxida tion by ADP (Fig. 2) is also indicative of an intact phosphorylating system.
The reason why the respiration of the radical exposed mitochondria did not return to the state 4 level following the induction of state 3 by ADP is not clear. It appears possible that the exposure has caused a disintegration of a small fraction of the mitochondria and a concomitant release of ATPase acting as an ADP-regenerating system. That no major disintegration of the mitochondria has taken place is indicated by the well-coupled state of suc cinate oxidation.
Mechanism of mitochondrial damage
These results indicated that for respiratory inhi bition to occur, FeU was required in conjunction with an H202-generating system (or added H202). Therefore OH', formed in a "Fenton-like reaction" (reaction 2) (Fridovich, 1976; Halliwell, 1978a; McCord and Day, 1978) , could be responsible for the damage. This assumption would also account for the findings that (a) Fe3+ could replace Fe 2 + in the case of HX and XO (where it can be converted into Fe 2 + by interaction with O2, according to reac tion 3) but not in the case of glucose and GO (which does not generate any O2, ); (b) catalase, which re moves H202 according to reaction 6, prevented the respiratory inhibition induced by HX, XO, and Fe 2 +. Also, as expected, SOD, added in an amount which efficiently removed O2, (according to reac tion 5) did not prevent the respiratory inhibition. Apparently inconsistent with an involvement of the OH· radical were the findings that mannitol (10 mM), DMSO (10 mM) and L-methionine (10 mM) had no protective effect. These agents are known quenchers of the OH· radical with high efficiency (Materials and Methods). In the same concentra tions as used in the present study, they have been shown to inhibit 0 H . -dependent degradation of hyaluronic acid to 50, 82, and 84%, respectively (Del Maestro et aI., 1979) . In addition, OH· induced hydroxylation of aromatic compounds was decreased by about 50% with 10 mM mannitol (Hal liwell, 1978a; Rowley and Halliwell, 1982) . It should be pointed out, however, that these values were obtained in aqueous systems. It is conceivable that the OH· radicals generated in the present experi ments rapidly penetrated the mitochondria and thus escaped quenching by the water-soluble, not readily penetrant scavengers. Indeed, some protection was obtained with high concentrations of mannitol.
No malonaldehyde could be detected in mito chondria exposed to H202 and Fe 2 + for 5, 10, or 15 min. In addition, preliminary results from experi ments with mitochondria exposed to HX, XO, and Fe 2 + showed no change in ethanolamine phos pholipids (Schmid et aI., 1981) . Thus, it seems un likely that lipid peroxidation was a major cause of the state 3 inhibition. This conclusion is also sup ported by the well-coupled state of succinate oxida tion, which has been shown to be affected by lipid peroxidation (Vladimirov et aI., 1980) .
Possible relevance for in vivo conditions
The severe inhibition of state 3 respiration in iso lated brain mitochondria: upon exposure to HX, XO, and Fe 2 +, as demonstrated in the present study, is similar to the mitochondrial damage re ported to occur following brain ischemia (Mela, 1979b; Rehncrona et aI., 1979) . Oxygen radicals may, therefore, be involved in this type of cell dam age. Figure 3 is a schematic illustration of the possi- ble sequence of events leading to HX accumulation during ischemia and the subsequent generation of oxygen radicals upon recirculation. When respira tion is inhibited due to lack of oxygen, ATP synthe sis from ADP is diminished and AMP formation through the adenylate kinase reaction is enhanced. This leads to an increased formation of HX, which, due to lack of oxygen, accumulates. Upon recircu lation, HX is oxidized to xanthine and urate (by XO), with the concomitant formation of O2, and H202 (reaction 1). In conjunction with iron (present in the brain as "free" iron, as reported by Gut teridge et al. (1981) , or mobilized from ferritin-Fe 3 + through reduction by O2, ), OH· will be formed. This burst of oxygen radicals may exceed the ca pacity of the physiological defence systems, such as SOD, catalase, glutathione peroxidase (Halliwell, 1974) , a-tocopherol (Pryor, 1976) , and, as recently suggested (Ames et aI., 1981) , uric acid, and thereby cause cell damage. This line of reasoning would provide a logical explanation for the involvement of both hypoxia and subsequent reoxygenation in ischemic brain damage.
